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Carbon is a common nonmetal element ubiquitous on earth, which can form sp, sp 2 and sp 3 hybridized chemical bondings [1] , thereby capable of forming various allotropes such as, typically, graphite, diamond, amorphous carbon, fullerenes [2] , carbon nanotubes [3] , graphene [4] , and so on. Diamond has two well-known structures, cubic and hexagonal diamond (c-and h-diamond), which can be formed naturally in the interior of earth or meteorites, or can be synthesized artificially by diverse means in laboratory. Among others, it has been realized that h-diamond can be obtained from graphite at temperature 1000°C and pressure ∼ 13 GPa [5] , whose simulated hardness on (100) plane is even 58% larger than c-diamond [6] ; the ultrahard polycrystalline cubic diamond can be synthesized by direct conversion of graphite under static high presure and temperature [7] ; under cold compression graphite was also found to transform into a new superhard carbon allotrope [8] , whose structure is still under debate. On the other hand, diamonds can be utilized to fabricate distinct superlattices, e.g., by producing multilayer structures of isotopically pure 12 C and 13 C [9] , or by using nano-crystalline diamond films [10] . In spite of these carbon structures, however, whether stable diamond superstructures that somehow employ partial unit structures of c-and h-diamond can exist, is an intriguing but challenging issue, because it will probably not only provide new ways to synthesize diamond-like carbon allotropes with more compelling properties than conventional diamonds, but also might shed new light on the formation mechanism of superhard materials.
Here we propose a general constructing scheme of novel allotropes of carbon, which allows us to generate a family of 3D diamond-like sp 3 hybridized structures of carbon that we refer to as U n -carbon (n = 2, 3, 4, 5, . . . ), where n characterizes the number of constructing layers with each position occupied by carbon-carbon (C-C) unit in a unit cell. It is interesting that U n -carbon include h-and c-diamond as its simplest members with n = 2 and 3, respectively, and could also be obtained from graphite at high pressure and temperature. U n -carbon can be viewed as superstructures of c-and h-diamond, as they are formed by stacking the partial unit structures of c-and h-diamond in sequences. By means of the first-principles calculations, we found that U n -carbon (n = 4 − 6), which are energetically and thermodynamically even more stable than h-diamond but comparable with c-diamond, are insulators with indirect gaps of 5.6 ∼ 5. from graphite to U n -carbon are also addressed.
Results
Structures. By carefully analyzing the structural motifs of c-and h-diamond, one may note that they have structural connections with hexagonal closed packed (hcp) and face-centered-cubic If we introduce more layers comprised of carbon-carbon (C-C) units into c-diamond, there must exist new structures of carbon. According to this scheme, we have generated a family of novel carbon allotropes that we refer to as U n -carbon. The geometrical structures of U 4 -, U 5 -, U 6,I -and U 6,II -carbon for n = 4, 5, 6, respectively, are shown in Fig. 1 as examples. For n = 6, there are two inequivalent structures that we dub I and II phases. For n = 7, there are three inequivalent structures, and for N ≥ 8, more than three inequivalent structures can be obtained. Of the most interesting is that the side views of U n -carbon look quite different, while their top views are the same as that of c-diamond as well as fcc structure (Fig. S2 ). U n -carbon can be viewed as a kind of superstructures formed by the structural units of h-and c-diamond. For instance, U 4 -carbon has only one independent closed packed structure ABCB, which is the superstructure comprised of two structural units AB and CB of h-diamond; U 5 -carbon is the superstructure of the c-diamond unit ABC and h-diamond unit AC; U 6,I -carbon is the superstructure of two c-diamond structural units ACB and CAB; and U 6,II -carbon is the superstructure of three structural units AB, AB and AC of h-diamond, as manifested in Fig. 1 . that U n -carbon (n=4-6) have similar mechanical properties with densities of 3.5 ∼ 3.6 g/cm 3 , and Vickers hardness of 92.9 ∼ 97.5 GPa. The hardness of U n -carbon was calculated by the method suggested in Ref. [12] , and found to be comparable with or even larger than h-and c-diamond (Table I) . The elastic constants, bulk modulus, Young's modulus and shear modulus of U n -carbon, c-and h-diamond were also calculated, which show that the elastic properties of U n -carbon are in between those of c-and h-diamond (Table S1 ).
Thermodynamic and kinetic stabilities. To examine the stability of U n -carbon, we calculated the total energy per atom versus volume V for graphite, c-diamond, h-diamond, U n -(n=4-6), M- [15] , W- [16] and bct C4 [17] carbon for a comparison, where V 0 is the optimized lattice volume, as shown in Fig. 2(a) . One may see that the total energy per atom versus the volume of U n -carbon has a single minimum that corresponds to the optimized geometric structures, suggesting that U ncarbon is energetically favorable. By comparing with other carbon allotropes, we observed that the total energy per atom of U n -carbon is slightly higher than those of c-diamond and graphite, but is lower than those of h-diamond as well as M-, W-and bct C4 carbon, which implies that U n -carbon are energetically more stable than h-diamond, M-, W-and bct C4 carbon, while they are metastable with respect to c-diamond and graphite. As h-diamond has been obtained experimentally, it is not impossible that U n -carbon can be synthesized in laboratory or even already exist in nature. To explore the kinetic stability of U n -carbon, the phonon spectra of U n -carbon (n=4-6)
were calculated, as presented in Fig. S3 . No imaginary frequencies for these novel allotropes are found, indicating that U n -carbon is also kinetically stable. Fig. 2(b) gives the enthalpy per atom with respect to that of graphite versus pressure for U n -carbon (n=4-6). One may note that the curves are separated into two groups, where one group consists of those of M-, W-, and bct C4 carbon, and the other group is comprised of h-diamond, U n -carbon and c-diamond. The enthalpies in the first group are dramatically higher than those of the other group. One may also note that the enthalpy of U n -carbon is slightly higher than c-diamond but lower than that of h-diamond. This observation shows that U n -carbon are thermodynamically more stable than M-, W-, bct C4 carbon as well as h-diamond.
Electronic structures. The electronic structures of U n -carbon (n=4-6) are presented in Fig. 3 . U ncarbon are insulators with indirect gaps, and their DOS are primarily contributed from p electrons.
Note that the tops of the valence band for U n -carbon (n=4-6) all appear at Γ point, while the 
Simulated x-ray diffraction patterns and Raman spectroscopies.
To provide more information useful for possible experimental realization, we simulated both x-ray diffraction (XRD) patterns and Raman spectroscopies of U n -carbon (n=4-6), as presented in Fig. 4 . The XRD spectra (at the wavelength 1.540562 Å) are given in Fig. 4(a) , where we also include the simulated XRD spectra of c-and h-diamond for a comparison. Our calculations reveal that the main peaks of c-diamond at is one more peak corresponding to the crystal planes (010) than U 6,I -carbon, suggesting that U 6,Iand U 6,II -carbon are really two different structures.
Raman spectroscopy can provide the unique fingerprint of intrinsic vibrational characteristics of a crystal. The Raman modes and phonon frequencies of U n -carbon (n=4-6) as well as c-and hdiamond are simulated, as presented in Fig. 4 [18] [19] [20] [21] [22] , revealing again the validity of our simulations. The Raman active modes of U 4 -, U 5 -, U 6,I -and U 6,II -carbon are found to be
respectively. The Raman modes and corresponding phonon frequencies of U n -carbon (n=4-6) are listed in Table S2 (supplementary information). The results show that U n -carbon are novel sp from the x axis, as shown in Fig. 5(a) . It is seen that the atoms are shifted along the y axis with increasing the steps, and at step 28, a large portion of graphite are already transformed into sp 3 hybridized U 4 -carbon, and at step 33, the graphite is totally transformed to U 4 -carbon. For U 5 -, U 6,I -and U 6,II -carbon, the initial structures of graphite are similar to that of U 4 -carbon in the x axis, but alter in the z axis, where the supercells contain 40, 24 and 24 atoms, respectively. Since In addition, we also calculated the enthalpy versus transforming pathway steps from graphite to U n -carbon at pressure 15 GPa In addition, we also compared the energy barrier of U n -carbon with those of c-diamond and h-diamond, and noted that the energy barriers of U n -carbon are higher than c-diamond (0.226 eV) but lower than h-diamond (0.309 eV). When the step is over 24, the enthalpy of U n -carbon (n=4, 5, 6) becomes negative, similar to the cases of c-and h-diamond, implying that in the course of formation the thermal energy was released, which also reflects that U n -carbon (n=4,5,6) are more stable than graphite at high pressure. Therefore, it is reasonable to envision that U n -carbon (n=4,5,6) can be obtained by compressing graphite at high temperature and high pressure.
Discussion
By means of the first-principles calculations we have found that there exists a family of new sp The simulated XRD pattern and Raman spectra demonstrate that U n -carbon are quite different from other predicted or known carbon structures. In addition, we disclosed that U 6,I -and U 6,II -carbon at high pressure may be relevant to the recently debated new superhard phase of cold compression graphite (Fig. S4, supplementary information) . Thus, U n -carbon may be compelling superhard carbon allotropes that deserve to explore further, and would have potential applications in physics, chemistry and materials science.
Note added: After completion of this present paper, we were informed that nanopolycrystal diamond with the structures similar to U n -carbon was synthesized by direct-conversion method from graphite [24] .
Methods
The structural relaxation, mechanical and electronic properties of U n -carbon were calculated using the Vienna ab initio simulation package (VASP) [25, 26] with the projector augmented wave (PAW) method [27] . Both local density approximation (LDA) developed by Perdew and Zunger [28] and generalized gradient approximation (GGA) developed by Perdew and Wang [29] were adopted for exchange-correlation potentials. The Heyd-Scuseria-Ernzerhof (HSE06) [30] screened 
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